We derive the one-loop perturbative formula of the redshift-space matter power spectrum after density field reconstruction in the Zeldovich approximation. We find that the reconstruction reduces the amplitudes of nonlinear one-loop perturbative terms significantly by partially erasing the nonlinear mode-coupling between density and velocity fields. In comparison with N-body simulations, we find that both the monopole and quadrupole spectra of reconstructed matter density fields agree with the one-loop perturbation theory up to higher wavenumber than those before reconstruction. We also evaluate the impact on cosmic growth rate assuming the survey volume and the number density like the Baryon Oscillation Spectroscopic Survey and find that the total error, including statistical and systematic ones due to one-loop approximation, decreases by half.
I. INTRODUCTION
Large-scale structure in the Universe is a powerful cosmological probe to understand the properties of dark matter and dark energy [e.g., 1]. Baryonic Acoustic Oscillations (BAO) imprinted on the large-scale structure plays a role as a standard ruler [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] to determine the expansion history of the Universe from various galaxy surveys [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The overall shape of the matter power spectrum is useful to infer the neutrino mass [25, 26] . The anisotropy in the redshift-space clustering due to the bulk motion of galaxies provides a key probe to test General Relativity [e.g., [27] [28] [29] [30] [31] [32] [33] . One can expect precision cosmological analysis from galaxy clustering in upcoming galaxy surveys such as the Prime Focus Spectrograph (PFS) [34] , the Dark Energy Spectroscopic Instrument (DESI) [35] , the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) [36] , Euclid [37] , the Wide Field Infrared Survey Telescope (WFIRST) [38] .
Nonlinearity in the gravitational evolution of largescale structure makes precise cosmological analysis complicated. The BAO feature is degraded with structure formation mainly due to the bulk motions of matter [e.g., 39 ]. The perturbation theory has been derived to describe the nonlinear effects on the power spectra [e.g., [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , however, the availability is limited to the weakly nonlinear regime even including the higher-order nonlinear terms [50] [51] [52] [53] [54] [55] . Evolved density fields no longer follow Gaussian statistics and thereby their clustering information is not fully described with two-point statistics but leaks to higher-order statistics. * chiaki.hikage@ipmu.jp Eisenstein et al. [56] applies a density field reconstruction technique to aim for recovering the original BAO signature by undoing the bulk motion in the Zeldovich approximation [57] . The method has been extensively studied analytically and tested using numerical simulations [58] [59] [60] [61] [62] and applied to the current BAO analysis [18] [19] [20] [21] [22] [23] [24] 63] . It is also shown that the density field reconstruction recover the initial density field out to smaller scales using more optimal ways of density field reconstruction beyond the standard reconstruction method [61, [64] [65] [66] [67] [68] [69] [70] .
Although the reconstruction succeeds in the BAO analysis, it is relatively unclear how the reconstructed power spectrum can be described in a perturbative manner. In this paper, we derive the exact one-loop order perturbative formula of the redshift-space matter power spectra after reconstruction. In our previous work, we derive the one-loop perturbative formula of real-space matter power spectra and find that the amplitudes of the oneloop terms decrease significantly and then the perturbation theory can be applied to higher wavenumber k. The result is consistent with the previous work showing that the reconstructed field better recovers the initial density field [e.g., 61] . In this paper, we extend our previous work to redshift-space matter density fields. Recently Chen et al. [71] presented the perturbative formula of halo power spectra in redshift space. Our analysis is limited to the matter power spectra in redshift space, but include the nonlinearities from the Lagrangian to Eulerian mapping in our perturbative formula. From the comparison with large-scale suite of N-body simulations, we study to what extent the monopole and quadrupole spectra of the redshift-space matter fields can be described in one-loop order. We also demonstrate the impact on the cosmic growth rate assuming the survey volume and the number density like the Baryon Oscillation Spectro-scopic Survey (BOSS) [23] when modeling the redshiftspace power spectra with the one-loop perturbation.
The paper is organized as follows: Section II describes the one-loop perturbation theory of the redshift-space matter power spectra and explicitly show the one-loop results in the Appendix A. In Section III, we study how the one-loop perturbation better describes the redshiftspace matter power spectra in comparison with N-body simulations. Section IV is devoted to summary and conclusions.
II. ONE-LOOP STANDARD PERTURBATION THEORY OF REDSHIFT-SPACE MATTER POWER SPECTRA
In this section, we derive the perturbative formula based on the standard perturbation theory (SPT) to describe the nonlinearity in the redshift-space matter power spectrum at one-loop order.
The comoving redshift space-position z is related to the Lagrangian position q as
where Ψ z is the comoving displacement in redshift space given by
where H is the time-dependent Hubble parameter and z is the unit vector of the line-of-sight direction. Since the n-th order perturbative displacement Ψ (n) is proportional to n-th power of the linear growth factor D, the time derivative of the displacement becomeṡ
where f = d ln D/d ln a is the linear growth rate. The n-th order displacement in redshift space then becomes
where
and δ ij is Kronecker delta. The perturbative kernels in redshift space is given by
The shift field s z (x) in redshift space is computed from the negative ZA [57] of the smoothed density field as
where W (k) is the smoothing kernel and we adopt a Gaussian kernel W (k) = exp(−k 2 R 2 s /2) with the smoothing scale of R s . We found that the perturbation works best around R s = 10h −1 Mpc in real space [72] and thereby we fix R s to be 10h −1 Mpc in this paper. The perturbative series of the shift field is given bỹ
where δ z(n) k is the n-th order perturbation of the redshiftspace density fluctuation. This can be rewritten as
where the kernel of the shift field S z(n) is written with the redshift-space Eulerian kernel F z n as S z(n) (k 1 , ..., k n ) = −n!W (k)L (1) (k)F z n (k 1 , ..., k n ). (11) The redshift-space kernel is given in the previous literature [e.g., 50, 73, 74] :
where µ = k ·ẑ/k and G n is the n-th kernel of peculiar velocity field. The displaced density field is written as
where the shift field of the evolved mass particles is evaluated at the Eulerian positions x. The difference of the shift field between the Eulerian and Lagrangian positions is perturbatively expanded in terms of Ψ as
The shifted density field of a spatially uniform grid or random is given bỹ
where the shift field of the (unevolved) uniform grid is evaluated at the Lagrangian position. The reconstructed density field in redshift space is given as
The redshift-space formula is the same as that in real space but replacing the real-space kernels L (n) and F n with the redshift-space ones L z(n) and F z n . At linear order, the reconstructed density field in redshift space is not changed by reconstruction
Higher-order terms of δ (rec) are given bỹ
where F z(rec) n is the Eulerian kernel for the reconstructed matter density field in redshift space. We have already derived the explicit form of the reconstructed Eulerian kernel in real space in the previous paper [72] . The firstorder Eulerian kernel does not change after reconstruction
The second-order Eulerian kernel for the reconstructed field F z(rec) 2
can be derived by replacing the real-space kernel to the redshift-space one in the equation of (32) or (A10) in Hikage et al. [72] as
Note that k i · L (1) (k i ) terms in the real space becomes unity and thereby they are not written explicitly in the real-space formula. In redshift space, however, k i · L (1) (k i ) becomes 1 + f µ 2 i where µ i = k i ·ẑ and thus the F z(rec) 2 (k 1 , k 2 ) depends on the line-of-sight direction of the two wavenumbers k 1 and k 2 . This makes the oneloop perturbative formula complicated as shown in Appendix A.
The third-order kernel is also derived by replacing the real-space kernel with the redshift-space one in the equation of (33) or (A29) in [72] as
The third-order kernel also depends on the line-of-sight direction of three wavenumbers µ i with i =1, 2, and 3. The reconstructed power spectrum at one-loop order is written by
. The leading-order term is unchanged after reconstruction
The one-loop terms of the redshift-space power spectrum can be written with the reconstructed Eulerian kernels as
and
The exact formula of the one-loop terms are summarized in Appendix A. The multipole components of the redshift-space power spectrum is generally obtained by the Legendre polynomial expansion as
where L (µ) is the Legendre polynomials, for example, L 0 (µ) = 1 and L 2 (µ) = (3µ 2 − 1)/2. Figure 1 shows the k-dependence of the one-loop terms P 13 and P 22 in the monopole ( = 0) and quadrupole ( = 2) spectra before and after reconstruction. We find that the amplitudes of both one-loop terms significantly decrease after reconstruction in monopole and quadrupole spectra out to large k. This result is similar to the results in real space [cf. Fig. 1 of 72 ], but indicates that mode-couplings between density and velocity fields due to nonlinear gravity are partially removed by reconstruction. In-phase baryonic acoustic oscillations of P 13 , but with negative amplitude, causes the degradation of the BAO signature. The oscillation of P 13 also significantly reduces after reconstruction and thereby the original BAO signature is substantially recovered. The result is consistent with that the BAO feature in redshiftspace spectra is actually recovered by the reconstruction [e.g., 63]. 
III. RESULTS
We compute the redshift-space matter power spectra using N -body simulations to see how well the one-loop perturbative formula describes the reconstructed spectra. Dark-matter N -body simulations are performed using a publicly available code Gadget-2 [75] . The mass particles are initially distributed based on 2LPT code [76, 77] with Gaussian initial conditions at the input redshift of 31. The initial linear power spectrum is computed by CAMB [78] . Each simulation is performed in a cubic box with the side length of 4h −1 Gpc with 4096 3 particles. We assign the N -body particles to 2048 3 grid cells to calculate the density contrast, and then perform the Fourier transform [79] to measure the power spectrum. In our analysis, we use 8 realizations with two output redshifts of z = 0 and z = 1.02. We will show the average power spectrum with 1σ error estimated from these realizations. The cosmology in the simulations is based on a flat ΛCDM model with the best-fit values of Planck TT,TE,EE+lowP in 2015, i.e., Ω b = 0.0492, Ω m = 0.3156, h = 0.6727, n s = 0.9645, and σ 8 = 0.831 [80] .
We evaluate the agreement between the simulated power spectra and the perturbative formula with the following χ 2 value:
where Cov (k i ) represents the covariance of multipole power spectra at a given k i . Here we focus on the monopole and quadrupole components of redshift-space matter power spectra. For simplicity, we adopt the analytical formula of the Gaussian covariance given by the Appendix C of Taruya et al. [52] with typos corrected and neglect the off-diagonal components of the covariance between different bins of k. This approximation would be valid when the cosmic variance and/or shotnoise terms are dominant compared to the non-Gaussian terms. The Gaussian covariance depends on the survey volume V and the number density n. In this paper, we assume BOSS-like survey with V = 6(h −1 Gpc) 3 and n = 2 × 10 −4 (h −1 Mpc) −3 . The chi-squared value depends on the range of k. Here we fix the minimum value k min = 0.01hMpc −1 and see how χ 2 changes as the maximum value k max increases. For the theoretical power spectrum P theory (k), we adopt the one-loop perturbative formula with the lowest-order counter term proportional to k 2 P in each
The counter terms renormalize the contributions from UV (small-scale) power [e.g., 81, 82] including the lowestorder contributions of nonlinear redshift-space distortions, i.e., Fingers-of-God effect. The proportional factor α ( = 0 and 2) are obtained by fitted them to the simulated power spectra. Note that we adopt one counter term per each multipole for both pre-recon and postrecon spectrum, while [71] adopts three counter terms per each multipole proportional to the power spectra for δ z(d)
for the reconstructed spectrum. Figure 2 shows the comparison of the monopole and quadrupole of simulated power spectrum with the oneloop perturbative formulae before (left) and after reconstruction (right) at the output redshift of 1.02 (upper) and 0 (lower). We adopt the bestfit values (the minimum χ 2 ) of counter terms with k max of 0.2h/Mpc for z = 1 and 0.12h/Mpc for z = 0 where the minimum χ 2 value is less than unity. In these plots, the power spectra are normalized with redshift-space no-wiggle spectrum including linear Kaiser effect [83] , i,e., P nw,z (k, µ) = (1+f µ 2 ) 2 P nw (k) where f ≡ d ln D(z)/d ln a is the growth rate at a given z and P nw (k) is the no-wiggle spectrum given by Eisenstein and Hu [84] . We find that the one-loop perturbative formula can be better fitted to the post-recon spectrum up 1.20
Comparison of the 1σ statistical error and the systematic bias on the growth rate f expected from the monopole and quadrupole matter power spectra as a function of kmax before and after reconstruction. We again assume a BOSSlike survey volume and number density, i.e., V = 6(h −1 Gpc) 3 and n = 2 × 10 −4 (h −1 Mpc) −3 , to compute the error of the multipole power spectra, but the output redshift is z = 1.02 (upper) and z = 0 (lower) respectively. The one-loop perturbation theory is used to fit the simulated matter power spectra and thereby the systematic error becomes significant at higher kmax. The figure shows that the reconstructed spectra better reproduces the input value of f and then the systematic error exceeds the statistical error at higher kmax by reconstruction.
to higher k. More quantitatively saying, k max where χ 2 min becomes unity is 0.17h/Mpc for z = 1 and 0.11h/Mpc for z = 0 before reconstruction, which are extended to be 0.23h/Mpc for z=1 and 0.13h/Mpc for z = 0 after reconstruction.
We also see the impact on the measurement of the growth rate f by computing the likelihood function L ∝ exp(−χ 2 /2) where χ 2 is computed from the equation (30) . In addition to the counter terms α 0 and α 2 , the growth rate f is treated as free parameters. Figure 3 shows the expected constraints on f from the monopole and quadrupole spectra with different k max . Here we again assume the error expected from the same BOSS-like survey volume and number density. The statistical error decreases at higher k max , however, the systematic error increases because the one-loop approximation becomes worse at higher k. We find that k max where the statistical error is comparable to the systematic one is 0.22h/Mpc for z = 1 and 0.12h/Mpc for z = 0 before reconstruction. The corresponding wavenumbers are extended to be 0.30h/Mpc for z = 1 and 0.21h/Mpc for z = 0 after reconstruction. The errors at the k max where the statistical error is comparable to the systematic one decreases from 0.0171 to 0.0128 (40% decrement) for z = 1 and from 0.0405 to 0.0197 (51% decrement) for z = 0 by reconstruction.
IV. SUMMARY AND CONCLUSIONS
We derived the one-loop perturbative formulae of the redshift-space matter power spectra after density-field reconstruction using the Zeldovich approximation. We found that the amplitudes of the one-loop nonlinear terms P 13 (k) and P 22 (k) decrease significantly in both monopole and quadrupole spectra. Our result indicates that the mode couplings among density and velocity fields associated with nonlinear gravity are partly eliminated by the reconstruction. From the comparison of N-body simulations, we showed that the one-loop perturbative formulae better describe the monopole and quadrupole of matter power spectra after reconstruction and agree with the simulated spectra at higher k. We also estimated the impact on the measurement of the growth rate when using the one-loop perturbation theory as a theoretical modeling of the redshift-space matter power spectra assuming the survey volume and number density of a BOSS-like galaxy survey. We found that the systematics due to the one-loop approximation is reduced by reconstruction and thereby the total error of the growth rate measurement including the statistical and systematic errors decreases by half.
In this paper, we focused on the redshift-space matter power spectra. We plan to extend our analysis to the power spectra of biased tracers but leave this work in the near future. In this analysis, we neglected the non-Gaussianity in the covariance of matter power spectra. Since the leading-order non-Gaussianity also comes from the one-loop terms [85, 86] , the non-Gaussianity should be smaller after reconstruction and thereby the information contents of the power spectrum is expected to increase by reconstruction. We plan to show more detailed analysis of the covariance of reconstructed power spectra in the near future. The one-loop terms of the redshift-space matter power spectra P 13 (k) and P 22 (k) are derived from the equations (27) and (28) after a lengthy but straightforward calculation. Their equations are summarized below after the integration over the azimuthal angle of p as follows:
and P z(rec) 13
where A nm and B nm are the coefficients of µ 2n f m terms in the one-loop terms. The reconstructed spectra depends on the smoothing kernel in the equation (8) , which are used to derive the shift field from the smoothed density field, and thereby the following equations of the coefficients of the one-loop terms include W (|p|) and W (|k − p|) which are denoted as W p and W respectively. These equations agree with the SPT calculation [50] at the limit of pre-reconstruction, i.e., W p → 0 and W → 0. The nonvanishing components of A nm and B nm are summarized below: 
